Antithymocyte globulin (ATG) is often included in the conditioning regimen to prevent graft vs. host disease in allogeneic hematopoietic stem cell (HSC) transplantation. However, because ATG contains antibodies targeting a wide range of antigens on human cells, its potential off-target effects remain a concern. Here, we explored this question in humanized mice that permit the analysis of human cell depletion in tissues. We showed that ATG binds to almost all lineages of human hematopoietic cells including HSCs, and accordingly it is capable of depleting almost all human hematopoietic cells. Interestingly, the efficacy of ATG was highly variable depending on the tissue of residence, with human cells in bone marrow significantly less susceptible than those in the blood and spleen. Recovery of multilineage human lymphohematopoietic reconstitution in humanized mice that received ATG 3 weeks after HSC transplantation indicates that ATG had a minimal effect on human HSCs that have settled in bone marrow niches. However, efficient human HSC depletion and engraftment failure were seen in mice receiving ATG at the time of transplantation. Our data indicate that the efficacy of ATG is tissue-dependent, and suggest a potential risk of impairing donor hematopoietic engraftment when ATG is used in preparative conditioning regimens. Cellular & Molecular Immunology
INTRODUCTION
Rabbit antithymocyte globulin (ATG), a polyclonal antibody produced by immunization of rabbits with human thymocytes or T cell line cells, has been used to prevent renal allograft rejection for more than 30 years. [1] [2] [3] The use of ATG in conditioning regimens for allogeneic hematopoietic cell transplantation has been reported to reduce the risk of graft vs. host diseases. [4] [5] [6] [7] Immunosuppression by ATG is primarily mediated through the recognition of a series of antigens expressed on human lymphohematopoietic cells, such as CD2, CD3, CD4, and CD8 expressed on T cells; CD19 and CD20 expressed on B cells; CD16 and CD56 expressed on natural killer (NK) cells; and CD11b, CD80 and CD86 expressed on dendritic cells. [8] [9] [10] Indeed, the ability of ATG to recognize human CD45 indicates its capability of binding all lineages of human hematopoietic cells, including hematopoietic progenitor/stem cells (HPCs/HSCs) 8, 11, 12 and thus, raising the possibility that ATG treatment might be deleterious to donor HSC engraftment. However, this question is very difficult to address in patients receiving ATG, and as such the results from in vitro studies remain conflicting. It has been shown that, unlike lymphocytes, human CD34
1 HSCs are highly resistant to ATGinduced apoptosis in vitro, 12 but others reported that in vitro ATG-treated human CD34
1 HSCs cannot engraft in immunodeficient mice. 13 Using a humanized mouse model, herein we show that human hematopoietic cells in bone marrow were significantly less susceptible to depletion by ATG than those in peripheral blood and spleen. Furthermore, ATG had minimal effects on human HSCs that have settled in bone marrow niches, but caused human HSC engraftment failure if administered at the time of transplantation. /SzJ (NSG) mice (females; 6-8 weeks of age), as previously described. 14, 15 Discarded human fetal tissues with gestational age of 17-20 weeks were obtained from Advanced Bioscience Resource (Alameda, CA, USA) and the First Hospital of Jilin University. The humanized mice were treated (i.v.) with rabbit ATG at the indicated time points, and human cell depletion in various tissues were examined. Two rabbit ATG preparations, ATG-Genzyme (ATG-G; Thymoglobulin, Genzyme, Boston, MA, USA) and ATG-Fresenius (ATG-F; Fresenius Biotech GmbH, Gräfelfing, Germany), were used in the current study, but only one product was used for each individual experiment. Protocols involving the use of human tissues and animals were approved by the Institutional Review Board and Institutional Animal Care and Use Committee.
MATERIALS AND METHODS

Flow cytometric analysis
Levels of human hematopoietic cells in humanized mice were determined by flow cytometric (FCM) analysis using various combinations of the following monoclonal antibodies: antihuman CD45, CD19, CD3, CD14, CD33, CD34, and isotype controls (all purchased from BD Pharmingen, San Diego, CA, USA); anti-mouse CD45 (BD Pharmingen) and Ter119 (Biolegend, San Diego, CA, USA); and AF488-conjugated goat anti-rabbit immunoglobulin G (IgG; for detecting ATGbinding cells; Invitrogen, Ann Arbor, MI, USA). Peripheral blood was collected from tail vein into heparinized tubes, and mononuclear cells were purified by density gradient centrifugation with Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA). All samples were analyzed on a fluorescence-activated cell sorting (FACS; Fortessa, Becton Dickinson, Mountain View, CA, USA), and dead cells were excluded from the analysis by gating propidium iodide negative cells.
Statistical analysis
The level of significant differences in group means was determined by Student's t-test for parametric data sets. All statistical analysis was performed using Prism (Version 6 GraphPad Software). A P value f 0.05 was considered significant in all analyses herein.
RESULTS
ATG administration efficiently depletes human T and B cells in humanized mice, but its efficacy is largely tissuedependent Humanized mice were treated with phosphate-buffered saline (PBS) (as controls) or ATG (three injections, with 2-day intervals) 13 weeks after human thymus/CD34 1 cell transplantation, when significant human hematopoietic cell reconstitution was confirmed, and human cell depletion was examined 7 days after the last injection of ATG. Compared with the pretreatment level (measured 3 weeks prior to the first injection of ATG), PBStreated control mice showed a trend of increase in the level of human CD45
1 hematopoietic chimerism (predominantly CD3 1 T cells) in the peripheral blood (Figure 1a) , which is consistent with previous studies. 14, 16 In contrast, ATG-treated humanized mice showed a marked decrease in human CD45
1 and CD3 1 cells (Figure 1a ). ATG treatment also efficiently depleted human cells in the spleen (including both T and B cell lineages; Figure 1b ), and human thymocytes in the thymic grafts ( Figure 1c ; Supplementary Figure S1 ). However, bone marrowresident human cells were highly resistant to ATG-mediated depletion. ATG treatment failed to induce a significant reduction in any of the human cell lineages measured, including CD3 1 T, CD19
1 B, and CD34 1 HSC/HPC-enriched cell populations ( Figure 1d and e). These results were confirmed in similar but independent experiment, in which a significant depletion of human cells was detected in the blood and spleen, but not bone marrow in humanized mice that were treated with ATG 17 weeks after human thymus/CD34
1 cell transplantation (Supplementary Figure S2 ). The fact that ATG recognizes antigens expressed by multilineage human hematopoietic cells 8, 17 may explain the observed efficient depletion of both human T and B cells in ATG-treated humanized mice. However, human T cells seemed to be more sensitive than B cells to depletion by ATG, as ATG-treated mice showed a significant reduction in peripheral blood human CD3
1 T cells, but not CD19 Conditioning treatment with ATG results in donor HSC depletion and engraftment failure Binding of ATG to human peripheral blood mononuclear cells (PBMCs) and purified CD34 1 cells were compared by FCM analysis. As shown in Figure 2 , ATG bound to human CD34 1 cells to a similar extent as its binding to human T and B cells, raising the possibility that use of ATG as a conditioning therapy may inhibit donor hematopoietic engraftment in patients receiving allogeneic HSC transplantation. To address this question, we compared human hematopoietic engraftment in immunodeficient mice that were conditioned with sublethal (2 Gy) total body irradiation alone, or along with ATG administration (10 mg kg 21 ) 1 day after CD34 1 cell transplantation. Surprisingly, human CD45 1 cells were almost undetectable (ranging between 0% and 0.19%) in the peripheral blood from ATG-conditioned mice, while all mice conditioned without ATG showed durable human hematopoietic reconstitution, including both T and B cells (Figure 3a) . High levels of human hematopoietic chimerism were also detected in the spleen and bone marrow from mice conditioned without ATG 19 weeks after CD34 1 cell transplantation; however, human cells were almost undetectable in both tissues from ATG-conditioned mice (Figure 3b ). These results provide direct evidence that using ATG as part of a 
, CD3
1 and CD19 1 cells (d) and of human CD34 1 cells (e) in bone marrow at day 7 post-last injection of PBS or ATG. Data presented are mean 6 SEMs (n 5 3-4 per group). *P , 0.05; **P , 0.01; ***P , 0.001. Similar results were obtained from an independent experiment presented in Figure S2 . Figure S2d) suggests that human HSCs that have settled in bone marrow niches might be resistant to depletion by ATG. To confirm this possibility, we compared human hematopoietic chimerism in humanized mice that were treated with ATG 1 or 21 days after human HSC transplantation. Again, human cells were almost undetectable throughout the observation period of 17 weeks in mice treated with ATG 1 day after human HSC transplantation (Figure 4a) . However, despite a marked reduction of human cell chimerism within 2 weeks following ATG administration, the levels of human cell chimerism in peripheral blood increased overtime thereafter in mice treated with ATG 21 days after HSC transplantation (Figure 4a ). Serum analysis revealed that ATG remained biologically active for 1-2 weeks in mice (Supplementary Figure S3) , correlating with the kinetics of human cell depletion in ATG-treated mice. All mice were killed at week 17 for analysis of human hematopoietic chimerism in the spleen and bone marrow. Humanized mice treated with ATG 21 days after HSC transplantation showed high levels of human hematopoietic reconstitution in spleen and bone marrow, while human cells were not detected in these tissues from mice treated with ATG 1 day after HSC transplantation ( Figure 4b and Supplementary Figure S4) . Furthermore, the ratio of CD34 1 cells in human BMCs was comparable between humanized mice treated with ATG 21 days after HSC transplantation and PBS-treated controls (Figure 4c) . These results were confirmed by a separate experiment. Because ATG, as a part of the conditioning regimen, is also given prior to transplantation, in this experiment we included a group of mice that were treated with ATG 3 days prior to human HSC transplantation (ATG d-3; Figure 5 ). ATG treatment at d-3 and d1 both resulted in a complete depletion of human cells in peripheral blood (Figure 5a ) and bone marrow (Figure 5b) . However, significant depletion of human cells was detected only in blood, but not in bone marrow in mice treated with ATG at day 21. In these mice, the levels of human chimerism in blood were markedly decreased by week 2 post-ATG treatment (week 5 post-HSC transplantation; Figure 5a ), whereas the levels of CD341 cells in bone marrow remained comparable to those in control mice treated with rabbit IgG or PBS (Figure 5b ). These results indicate that human HSCs settled in bone marrow niches are resistant to depletion by ATG. We also measured ATG binding to human BMCs in mice treated with ATG 21 days after HSC transplantation. As shown in Figure 6 , all human BMCs, including CD34 1 cells, isolated 1 day after ATG treatment were coated by ATG, indicating that the observed poor depletion of human BMCs is unlikely due to inefficient binding of ATG to human cells in the bone marrow.
DISCUSSION
The efficacy of ATG-mediated lymphocyte depletion in patients has mainly been evaluated by measuring peripheral blood cells. Previous studies using rabbit anti-mouse thymocyte globulin (mATG) showed that T cells in the spleen are significantly less sensitive to depletion by mATG than those in peripheral blood. 18 However, susceptibility of human lymphocytes in tissues to depletion by ATG remains largely unknown. We therefore seek to use humanized mice to investigate the efficacy of ATG to deplete human hematopoietic and lymphoid cells in different tissues. Our data indicate that ATG can deplete multilineage human hematopoietic cells, including T cells, B cells, and HSCs, but its efficacy is highly variable depending on the tissue of residence, with human cells in bone marrow significantly less susceptible than those in the blood and spleen.
Previous studies have shown that memory T cells are less susceptible to ATG [19] [20] [21] and bone marrow serves as an important reservoir for memory T cells, [22] [23] [24] suggesting that the lower level of bone marrow cell depletion by ATG might be due to its enrichment by memory T cells. However, this is contrary to the observation that not only T cells, but other bone marrow human cells (e.g., CD19
1 cells) were also significantly less sensitive to depletion by ATG compared to their counterpart cell populations in peripheral blood and spleen. It has been reported that macrophages in bone marrow are significantly less phagocytic compared to those in other tissues (e.g., spleen and liver), 25, 26 which may be partially responsible for the poor depletion of human BMCs by ATG. Together, these results suggest that the bone marrow microenvironment is likely protective against ATG-mediated depletion.
ATG recognizes CD45, a marker expressed by almost all hematopoietic cells, including HSCs.
9,11 Consistently, we observed that ATG bounds to human CD34 1 cells to a similar extent as its binding to human T and B cells. Given the fact that in cell culture ATG induces apoptosis in various human cell populations, such as T cells, B cells, NK cells, and monocytes, but not in HSCs, ATG treatment has been suggested to improve hematopoietic engraftment. 12 However, in vitro treatment of human HSCs with ATG at a very high concentration prior to transplantation diminished their potential to engraft in immunodeficient mice. 13 These studies suggest that ATG-coated HSCs can be eliminated in vivo, likely via mechanisms other than direct induction of apoptosis. Interestingly, we observed that ATG depletes HSCs prior to their settling in the bone marrow niches, but minimally affects HSC function in established humanized mice. We acknowledge that a limitation of the current study is the use of fetal CD34 1 cells. However, the fact that there is virtually no difference in binding to ATG between human bone marrow-and fetal liver-derived CD34 1 cells (Figure 2 ) suggests that these findings are likely to apply to adult HSC transplantation. Together, these data indicate that the effect of ATG on HSCs can be largely prevented by the bone marrow niche microenvironment, and that the timing of ATG administration determines its effect on donor hematopoietic engraftment. We suggest that ATG administration immediately before or after HSC transplantation may potentially result in engraftment failure and therefore, caution should be taken when including ATG in preparative conditioning regimens for allogeneic HSC transplantation.
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